This investigation determined the effects of sustained hypercapnia on cerebral blood flow (CBF; ra diolabeled microspheres), cerebral metabolic rates for O2 and glucose (CMR02 and CMRg1c), and brain water con tent in conscious sheep instrumented with aortic, left ven tricular, vena cava, and brain sagittal sinus catheters. PaC02 was elevated from 38 ± 3 to 53 ± 3 (mean ± SD) mm Hg and Pa02 from 109 ± 7 to 131 ± 4 mm Hg for 96 h in an environmental chamber. Hypercapnia did not alter sheep behavior, food and water intake, arterial pressures, core temperature, or brain lactate release. Total and re gional CBF and CBF/CMR02 reached peak values at 1 h and then readjusted, to stabilize at lower, but still ele vated levels at 24 h and thereafter. CMR02 and CMRglc CO2 retention is commonly observed in patients with chronic pulmonary disease and this can be as sociated with impairment of integrated brain func tion (Sieker and Hickam, 1956 ; Woodbury and Abbreviations used: bpm, beats per minute; Ca g le and CV gle , cerebral arterial and venous blood glucose content, respectively; CaOZ and CvOz, cerebral arterial and venous blood oxygen con tent, respectively; CMRlaco cerebral metabolic rate for lactate; CPP, cerebral perfusion pressure; CVR, cerebral vascular resis tance; FE g i c and FEOz, cerebral glucose and oxygen extraction fraction, respectively; F\COz, inspired fraction of carbon diox ide; GD, cerebral glucose delivery; GOI, glucose-oxygen index; Hba and Hbv, arterial and venous hemoglobin, respectively; Hcta and Hctv, arterial and venous hematocrit, respectively; HR, heart rate; 10, inner diameter; OD ' cerebral oxygen delivery; 00, outer diameter; Pa and P s a s' arterial and sagittal sinus pres sure, respectively; pHa' arterial pH; PRU, peripheral resistance units; rCBF, regional CBF; SaOZ% and SvOz%, arterial and ve nous oxygen saturation, respectively.
increased at 6 h and thereafter during hypercapnia. PaC02, CBF, CMR02, and CMRglc remained elevated at 3 h after restoration to room air, while CBF/CMR02 re turned to the control value. Frontal and occipital lobe wet-to-dry weight ratios increased modestly but signifi cantly after hypercapnic exposure. It is concluded that sustained hypercapnia induces stable and nonadapting in creases in both CBF and brain metabolism that persist for at least 3 h after restoration to room air in association with hypoventilization and modest elevations of brain wa ter. Key Words: Brain bicarbonate-Brain edema-Brain glucose metabolism-Brain lactate-Brain O2 uptake Cerebral fluid shifts-C02 retention-Hyperventilation. Karler, 1960; Krnjevic et aI. , 1965) . Most studies have attributed the increase in cerebral blood flow (CBF) during hypercapnia to an increase in the [H+] in brain interstitial fluid (Kontos et aI. , 1977) . More recently, evidence indicates that nitric oxide related mechanisms may contribute to hypercapnic brain vasodilation also (ladecola, 1992; Wang et aI. , 1992) . In contrast, fewer studies have evaluated the influence of hypercapnia on cerebral metabolism and the results have been inconsistent. It has been reported that moderate levels of hypercapnia (P aC02' 50 to 60 mm Hg) do not alter the cerebral metabolic rate of O2 (CMR02) (Kety and Schmidt, 1948; Rosenberg et aI. , 1982) . Berntman et a1. (1979) reported that more severe levels of hypercapnia in creased the CMR02 by 25% in rats when the PaC02 was elevated to 80 mm Hg. By comparison, Klie forth et a1. (1979) reported that the CMR02 was reduced by 30% in baboons at a PaC02 of 70 mm Hg. All of these studies involved acute exposures to hypercapnia, and most were carried out under an esthesia. There is little information available on the effects of sustained or chronic hypercapnia on ei ther CBF or brain metabolism (Edvinsson et aI. , 1993) . It is difficult to apply the results of acute, short-term studies to the chronic situation (Demp sey et aI. , 1978) and most general anesthetics de press cerebral metabolism (Albrecht et aI. , 1977; Kassell et aI., 1981; Levasseur and Kontos, 1989) . Therefore, the primary objective of the present study was to determine the effects of moderate hy percapnia induced by elevating the inspired CO2 concentration for a period of 4 days (96 h) on CBP and brain metabolism in a conscious, chronically instrumented sheep model.
We and others have provided evidence that sup ports the view that sustained exposure to arterial hypoxia leads to cerebral edema secondary to hyp oxic cerebral vasodilation and elevated cerebral capillary hydrostatic pressure (Lassen and Harper, 1975; Curran-Everett et aI. , 1991; Yang et aI. , 1994 ). An important question relative to this vasogenic edema hypothesis is whether sustained cerebral va sodilation and elevated capillary hydrostatic pres sure in the absence of hypoxia also lead to a cere bral transcapillary fluid shift. Therefore, the second objective of this study was to determine whether sustained cerebral vasodilation provoked by con tinuing hypercapnia is associated with increased brain water.
METHODS

Animal preparation
Nine adult Dorsett ewes (Ovine Biotechnologies Inc., Bucks Co., PA, U.S.A.), 5 to 10 months old and weighing between 30 and 40 kg, were used in this study. These experiments were reviewed and approved by the SUNY at Buffalo Laboratory Animal Care Committee. The sur gical preparation of the sheep was similar to that in pre vious studies (Curran-Everett et aI., 1991 , 1992 Iwamoto et aI., 1992a,b) with some modifications. After fasting the sheep for 24 h, anesthesia was induced with thiamylal sodium (15 mg/kg i.v.). After endotracheal intubation, an esthesia was maintained with 1.5% halothane, the lungs were ventilated mechanically, and the body temperature was controlled with a heating pad. Under aseptic condi tions, the following catheters were implanted. (a) A pig tail catheter (No. 8-Fr) for injecting radiolabeled micro spheres was positioned in the left ventricle via the right femoral artery. (b) A Tygon catheter [0.16-cm inner di ameter (ID), 0.32-cm outer diameter (OD)] for measure ment of arterial pressure (P,,) and heart rate (HR) and withdrawal of arterial reference and blood samples was placed in the aorta via the left femoral artery. (c) A Swan Ganz catheter both for measurement of the core body temperature and for intravenous administration of fluid and drugs was advanced into the inferior vena cava via the left femoral vein. The catheters were routed subcuta neously, exteriorized, and protected within the pockets of a jacket. (d) A polyvinyl chloride catheter (0.09-cm ID, 0.14-cm OD; Martech Medical Products, Inc.) was in serted into the superior sagittal sinus through a burr hole (1.5 cm in diameter) in the skull. The burr hole was drilled 1 cm rostral to the lambda, the catheter was advanced J Cereb Blood Flow Me/ab, Vol. 15, No. I, 1995 caudally such that the tip was 1 cm rostral to the conflu ence of the sinuses, and the burr hole was then sealed with bone wax and covered with dental acrylic (Lang Dental Manufacturing Co., Chicago, IL, U.S,A.). These catheters were routed subcutaneously through the neck to the interscapular region and protected within the jacket also. All catheters were flushed with heparinized saline twice a day. Penicillin G (5,000 Ulkg/day i.m.) and gen tamicin (2 mg/kg/day i.v.) were administered for 4 days after surgery. Sheep were given at least 5 days to recover, during which time food and water intake, arterial blood gas status, and body temperature was measured daily to assure normal values before the start of the experiment.
Experimental protocol
The sheep was moved into a Lucite environmental chamber 30 h after surgery and kept in the chamber for 3 to 4 days before the start of the experiment. The charac teristics of the chamber have been described in detail previously (Krasney et aI., 1984) . Each sheep had normal Pa, HR, arterial blood gases, and arterial pH (pH,,) when the experiment began.
Experimental measurements were performed in the fol lowing sequence: control (prehypercapnic), 1, 6, 24, 48, 72, and 96 h of hypercapnia, and recovery. Recovery measurements were made after the sheep had returned to room air for 3 h. After the control measurements were completed, the flow rates of gases (compressed air, CO2) into the chamber were adjusted to achieve the target PaC02 level within 30 min. The inspired fraction of CO2 (FrC02) was monitored continuously with a Beckman OM-11 gas analyzer. The chamber F1C02 was raised to 0.048 to 0.05, so that a PaC02 of 53 ± 1 mm Hg (SEM) was achieved. Then the FrC02 was adjusted intermit tently to keep the P aC02 at the desired level. The sheep was maintained under these experimental conditions for 96 h before being returned to room air.
Hemodynamics
Systemic P a and sagittal sinus pressure (P sa g ) were re corded via saline-filled implanted catheters connected to Statham pressure transducers and a Grass model 7D poly graph (Quincy, MA, U.S.A.). For Pa, the Statham pres sure transducer was referred to the level of the right atrium (8 cm dorsal to the sternum). For Psa g , the interau ral line was used as a reference level. HR (beats per minute; bpm) was calculated directly from the P a tracing.
Measurements of CBP
Radiolabeled gamma-emitting microspheres, 15 fLm in diameter (Dupont-NEN, Boston, MA, U.S.A.) were used to measure total CBF and regional CBF (rCBF). One of eight radionuclides 153Gd 57CO 114In 51Cr 113Sn \03Ru 95Nb, and 46SC, �as inj�cted for th� det�rmin;tion of CBF for each measurement. The sequence of injection of the eight microspheres in each experiment was random ized. Thirty microcuries of each isotope was injected to provide adequate suprabackground counts and the mini mum number of microspheres necessary for precise flow determination (Krasney et aI., 1986; Curran-Everett et aI., 1992; Iwamoto et aI., 1992a,b) . This amount of radio activity contained> 1 x 106 micro spheres per injection. The microspheres were agitated in a vortex mixer for 30 min prior to left ventricular injection. The systemic arte rial reference sample was withdrawn from the descending aorta at a rate of 11.5 mUmin for 90 s using a Harvard pump (model 600-910/020; Harvard Apparatus, Cam bridge, MA, U.S.A.). Total and rCBF (ml min -I 100 g-I) were calculated as unknown tissue flow (ml min -I 100 g-I) = [(reference sample flow x tissue cpm)/reference sample cpmltissue weight (g)] x 100.
After'recovery measurements, the sheep was anesthe tized with thiamylal sodium and euthanasia was induced with KCl. The brain was removed quickly (within 10 min) through a craniotomy. One piece of brain tissue from the frontal lobe and another from the occipital lobe were sec tioned for the determination of wet-to-dry weight ratios (Curran-Everett et al., 1991) . The results were compared with frontal and occipital lobe wet-to-dry weight ratios obtained from a separate group of nine control normo capnic adult ewes studied concurrently. The remainder of the brain was then fixed in 10% formalin for 4 days. The brain was partitioned into the following regions: right and left cerebellar hemispheres, pons, medulla, midbrain, su perior and inferior colliculi, thalamus, hypothalamus, basal ganglion, hippocampus, choroid plexus, and fron tal, parietal, temporal, and occipital cerebral cortex. Tis sue samples were counted in a multichannel gamma counter (Packard 5530). Adequate mixing of the micro spheres was assessed by observation of flow symmetry between the cerebral and the cerebellar hemispheres and, in some sheep, the kidneys. Bilateral blood flows were within 6% of each other (Krasney et al., 1984; Curran Everett et al., 1992) . Consigny et al. (1982) recommended that 15-J.Lm micro spheres be used for chronic studies since there is no significant loss of trapped microspheres from normal or infarcted tissues for periods of as long as 5 weeks. In addition, in previous chronic studies of over all systemic flow distribution in sheep, we were able to account for >90% of the cardiac output as measured by thermodilution by adding up the products of regional mi crosphere blood flows multiplied by organ weights when microspheres were injected on a daily basis as in the present study (Krasney et al., 1986) . Therefore we do not believe that any significant error was introduced by the delayed measurement of radioactivity in these experi ments.
Hemoglobin, hematocrit, blood gas, and pH measurement Two milliliters of blood were withdrawn anaerobically from the arterial and cerebral venous catheters and put on ice immediately. Blood gases and pH measurements were made in duplicate using a Radiometer ABL2 (Copen hagen) automated blood gas laboratory and the values were corrected to the sheep's body temperature (39SC). Hemoglobin concentration (g dl-I) and O2 saturation (%) were measured in duplicate using a Radiometer OSM2 Hemoximeter (Copenhagen, Denmark). The OSM2 was calibrated against the cyanomethemoglobin method. He matocrit was determined in duplicate by the microhema tocrit technique (Curran-Everett et al., 1991) .
Glucose and lactate
Two milliliters of arterial and cerebral venous blood, after withdrawal, were immediately placed in ice and pro cessed within 5 min. For lactate measurement, 1 ml of blood was mixed with 2 ml of 8% perchloric acid and centrifuged at 3,000 rpm and oec for 15 min. The super natant was separated and stored at -70eC for later anal ysis using a kit (Sigma Diagnostics). The sensitivity of the lactate measurement was 2 mg dl-I and the recovery is estimated to be 97 to 117% for known quantities of lac tate. Plasma glucose (mg dl-I) concentrations were de termined immediately after centrifugation using a Kodak Ektachem Clinical Chemistry unit (Eastman Kodak, Rochester, NY, U.S.A.). The Extachem was calibrated prior to each assay with a known glucose standard. The day-to-day variability for this instrument ranges between 0.069 and 0.265 SD, with a coefficient of variation ranging between 1.0 and 2.1%.
Calculations
Cerebral perfusion pressure (CPP; mm Hg) = mean Pa -mean P s ag (1) Cerebral vascular resistance (CVR; mm Hg . ml-I . min-I . 100 g-I) CPP/CBF (2) Cerebral oxygen delivery (OD; ml . min-I . 100 g-I) = CBF x cerebral arterial blood oxygen content (Ca02)
Cerebral metabolic rate of oxygen (CMR02; mmol . min-I . 100 g-I) = CBF x [Ca02 -cerebral venous blood oxygen content (Cy02)]/22.4 (4)
Cerebral oxygen extraction fraction (FE02) (Ca02 -Cy02)/Ca02 (5) Ca02 (ml dl-I = 1.34 (ml g-I) x arterial hemoglobin (Hba; g 100 ml-I) x arterial O2 saturation (Sa02%)
Cy02 (ml dl-I) = 1.34 (ml g-I) x venous hemoglobin (Hby; g tOO ml-I) x venous O2 saturation (Sy02%)
Cerebral glucose delivery (GD; mg min-I 100 g-I) = CBF x cerebral arterial blood glucose content (Cagle)
Cerebral glucose utilization (CMRg1e; mmol min-I 100 g-I) = CBF x [Cagle -cerebral venous blood glucose content (Cvgle)]l180 (9) Cerebral glucose extraction fraction (FEgle) 
Glucose-oxygen index (GOI) = [CMRgle (mmol) x 6]/CMR02 (mmol)
The CVR, CMROz, CMRglc, and CMRlac values apply only to those brain regions that are drained by the sagittal sinus, i.e., those regions rostral to, and including, the pons (Rosenberg et ai., 1982; Curran-Everett et ai., 1992; Iwamoto et ai., 1992a,b) .
Statistical analysis
All the experimental data were evaluated by analysis of variance. If differences were indicated, the control pre hypercapnic values were compared with the subsequent data using Dunnett's multiple-comparison test (Wallen stein et ai., 1980) . To evaluate whether there was a dif ference in the responses between acute and sustained hy percapnia, the Student-Newman-Keuls test was used to compare the I-h data to datum points during sustained hypercapnia. Differences in the brain tissues wet-to-dry weight ratios and calculated percentage brain water con tent between the hypercapnic sheep and the control group of normocapnic ewes were analyzed by the Student non paired t test. Differences were considered significant at P < 0.05.
RESULTS
Core body temperature
The core temperature of the sheep was un changed from 39. 42 ± 0.18°C (SD) during 96 h of exposure to hypercapnia.
Hcta and Hba Figure 1 shows that the Hcta declined from 31.7 ± 3 to 27. 5 ± 2.6% during hypercapnia, and the Hba decreased from 11.4 ± 1.1 to 9. 6 ± 1.0 g dl-I. The Hcta and Hba became significantly depressed, to below control levels, by 48 h of hypercapnia and remained low during recovery. Arterial blood gases and pHa Figure 2 indicates that the Pa02 and PaC02 in creased and stabilized at approximately 131 ± 4. 0 and 53 ± 3.0 mm Hg, respectively, while the pHa declined to 7. 348 ± 0. 025 after the F1C02 was ele vated. The PaC02 remained elevated at 42.6 ± 2.7 mm Hg after the animals had returned to room air for 3 h. While the arterial [HC03 -] increased pro gressively as hypercapnia continued, the pHa was not corrected back to control values. Comparing Figs. 1 and 2 indicates that the [HC03 -] adjustment mirrored the Hcta and Hba responses.
Systemic and cerebral hemodynamic responses
The mean Pa (88 ± 8 mm Hg), CPP (95 ± 5 mm Hg), and HR (90 ± 15 bpm) were unchanged from their control values during hypercapnia, whereas the CVR decreased significantly, from 1.85 ± 0.55 peripheral resistance unit (PRU) (p < 0.05) to val ues ranging between 0.8 ± 0.26 and 1.0 . ± 0.40 PRU, and remained low during recovery (1.2 ± 0. 39 PRU). The Psa g increased significantly, from -7.8 ± 1.5 to -4 ± 3.0 mm Hg (p < 0.05) during the first hour, but then it readjusted to the control level by 6 h of hypercapnia. 
Total and rCBF
The total CBF more than doubled during the first 6 h after the FrC02 was raised (Table 1) . Subse quently, CBF declined, to stabilize at values that ranged between 61 and 82% above control levels for the remainder of the hypercapnic exposure. CBF at 1 h was significantly higher than CBF values be tween 24 and 96 h of hypercapnia and was still el evated significantly, by 41 ± 30%, after 3 h of re covery. The response patterns for rCBF in the cor tex and brain stem were similar to the total CBF response pattern.
Cerebral metabolism
As shown in Figs. 3 and 4, induction of hyper capnia led to sustained increases in both 00 and Go and corresponding reductions in both FE02 and FE g lc. 00 and Go tended to be significantly higher and their extractions respectively lower at 1 h of hypercapnia than values observed at 24 h and there after. After 3 h of recovery, 00 returned to control levels but FE02 became significantly elevated (Fig.  3) . In contrast, Go was still elevated significantly and FE g lc remained low in recovery (Fig. 4 ). Both CMR02 (Fig. 3) and CMR g lc (Fig. 4 ) became ele vated significantly above control levels by 6 h of hypercapnia, and they remained elevated for the remainder of the hypercapnic period as well as dur ing recovery. CMRlac and the GOI were not altered from the control values of -0. 05 ± 0.17 mg min-I 100 g-I and 1.15 ± 0.14, respectively, during sus tained hypercapnia.
Relation between blood flow and metabolism
The ratio of CBF/CMR02 increased significantly, to attain a peak value at 1 h of hypercapnia, stabi-lized at lower but elevated values for the remainder of the hypercapnic period, and returned to the con trol level after 3 h of recovery (Fig. 5 ).
Brain tissue water content
As shown in Table 2 , brain tissue wet-to-dry weight ratios and the percentages of water con tained in the frontal and occipital lobes were ele vated modestly but significantly compared to values obtained in a separate group of control normocap nic sheep.
DISCUSSION
The important results of this study are that a moderate level of hypercapnia (P aC02 = 53 ± 3 mm Hg) sustained for 4 days (96 h) in conscious sheep induced (a) stable and nonadapting increases in CMR02 and CMR g lc, which persisted for 3 h after restoration to room air; (b) a marked elevation of CBF at 1 h of hypercapnia, which stabilized to re main elevated at a lower level by 24 h and thereaf ter, persisting into the recovery period in associa tion with posthypercapnic hypoventilation; and (c) modest but significant elevations of the brain tissue water content. These responses were not associated with obvious alterations in the behavior of the sheep, their food and water intake, or their core body temperature.
General responses to hypercapnia
There is little information on the influence of sus tained hypercapnia per se on Hcta and Hba levels. We observed that these variables declined progres sively during hypercapnia, becoming significantly depressed by 48 h and thereafter, persisting into recovery. It is unlikely that this level of hypercap nia is associated with significant reductions in erythrocyte mass, either by destruction or by se questration in the spleen, for example. With the large blood volume of the sheep, blood sampling for similar microsphere injection protocols and blood gas analysis did not produce anemia in timed con trol sheep or during arterial hypoxia (Curran Everett et aI. , 1991 , 1992 Yang et aI. , 1993) . It is more likely that this response reflects hemodilution. The patterns of the hematocrit and hemoglobin re ductions were mirror images of the elevation of ar terial [HC03 -]. This metabolic compensation for the sustained respiratory acidosis via active renal HC03 -reabsorption is associated with retention of Na + and water (Cogan et aI. , 1992) . Mean P a and HR were unaltered during this level of hypercapnia, in agreement with previous reports by others (Artru and Michenfelder, 1980) and our laboratory (Matalon et aI. , 1983 ) based on short term exposures. The elevation of Pa02 can be at tributed to the increased ventilation elicited by hy percapnia.
Cerebral hemodynamics
We have established previously that radiolabeled microspheres are a reliable method for the repeated , 1992; Iwamoto et aI., 1992a, b; Krasney et aI., 1984 Krasney et aI., , 1986 . Based on considerations presented un der Methods, it is unlikely that significant error was introduced by the delayed measurement of radioac tivity. Repeated daily injections of microspheres lue. tp < 0.05, , the difference between values during sus tamed hypercapnia and those during 1-h hypercapnia. CON., control; REC., recovery. Data are presented as mean ± SD. Percent of brain water was calculated according to the equation: % water = (wet tissue -dry tissue)/wet tissue. " P < 0. 05, compared with corresponding prehypercap value. following a similar protocol over a similar period of time in timed control sheep do not yield significant variations in rCBF from initial values. Total and rCBF values obtained prior to hypercapnia were similar to those we have reported previously. The total CBF increased, to attain a peak value of 127 ± 35 ml min -I 100 g-I ( + 235%) 1 h after the P aC02 was raised to 53 ± 3 mm Hg. This value compares favorably with the CBF value of 157 ± 13 ml min -1 100 g-I ( + 260%) we observed previously in awake sheep 20 min after raising the P aC02 to 58 ± 1..5 mm Hg using radiolabeled microspheres (Matalon et ai. , 1983) . Although the Psa g rose briefly at 1 h, the CPP was unchanged for the remainder of the hypercap nic exposure. Therefore, the increased CBF is due largely to a decline in the CVR. The magnitude and percentage increase in CBF that we observed acutely after the P aC02 was raised to 53 mm Hg are similar to the responses reported by Klieforth et ai. (1979) in rhesus monkey and by Artru and Michen felder (1980) in dogs when the P aC02 was raised acutely to 80 mm Hg under anesthesia. These ob servations imply that anesthetics impair the cere bral vasodilatory response to CO2 since, under an esthesia, higher P aC02 values are required to elicit the same magnitude and percentage increases in CBF as observed in the present study with lower levels of P aC02'
After attaining its initial peak value at 1 h, the total CBF declined significantly, to stabilize at val ues ranging between 92 and 107 ml min -I 100 g-I (+ 161 to + 184%) for the remainder of the hyper capnic period. Therefore, CBF readjusts over 24 h from an early transient peak response to remain el evated in a stable and nonadapting fashion at a lower level as hypercapnia continues. This is a new observation that lends strong support to the hypoth esis that the increased brain interstitial [H +] conse quent to the induction of respiratory acidosis is buffered over time by retention of HC03 -in the cerebral interstitium (Severinghaus et aI. , 1963; Fencl et aI., 1979) . In fact, the time course of the readjustment of CBF over the first 24 h of hyper-capnia appears to be an excellent indicator of the time course of the brain interstitial acid-base read justment (Kazemi and Johnson, 1986) .
The magnitude and time courses of the rCBF re sponses reflected generally the response pattern for the total CBF. Table 1 indicates that there were no significant differences observed in overall cortical versus brain-stem rCBF responses during sustained hypercapnia. This observation is in agreement with the data reported by Orr et ai. (1983) during short term hypercapnia in the anesthetized rabbit. There was a sustained increase in blood flow to the cho roid plexus (Table 1) , which may reflect either in creased metabolism in this region, associated with acid-base regulation and/or an altered rate of cere brospinal fluid formation, or simply local vasodila tion in response to the elevated [H +].
Cerebral metabolic responses
Hypercapnic vasodilation led to sustained eleva tions of On and Gn which were clearly in excess of the cerebral metabolic demands for O2 and glucose as judged by the sustained depressions of both FE02 and FE g lc.
CMR02 and CMR g lc increased significantly by 6 h of hypercapnia and thereafter. The GOI prior to hypercapnia was similar to what we have observed previously (Iwamoto et aI. , 1992a,b; Yang et aI. , 1993) , and its lack of alteration during hypercapnia indicates that stoichiometry was maintained with respect to CMR g lc and CMR02 as does the unal tered CMRlac' Increased cerebral metabolic demand was clearly responsible in part for the increased CBF during hypercapnia. However, since the ratio of CBF/ CMR02 rose significantly, a portion of the vaso dilator response is due to an influence of CO2 on cerebral vessels independent of the metabolic response. The CBF/CMR02 was significantly greater during the first hour of hypercapnia, after which the CBF/CMR02 declined, to stabilize at lower but still elevated values because CMR02 in creased.
The failure to observe augmented CMR02 and/or CMR g lc in previous studies may be attributed to the fact that either anesthetic depression of brain me tabolism was present (Levasseur and Kontos, 1989) or, if the subjects were awake (Kety and Schmidt, 1948) , the hypercapnic exposure was too brief to detect the response. Neither timed control sheep nor sheep exposed to arterial hypoxia over a similar period of time exhibit elevations of CMR02 (Yang et aI., 1993) .
This observation of a sustained elevation of cere bral metabolism during moderate hypercapnia is new and, to our knowledge, has not been reported previously, although acute severe hypercapnia has been reported to elevate CMR02 in rats (Berntman et aI., 1979) . Several factors could contribute to this response. (a) Hypercapnia is associated with in creased levels of circulating catecholamines (Sechzer et aI., 1960), and MacKenzie et aI. (1976) demonstrated that norepinephrine either given into the lateral ventricle or infused into the carotid ar tery following osmotic disruption of the blood-brain barrier can elicit striking increments of CMR02 and CMR g lc. Although we did not measure circulating catecholamines in the present study, we showed previously that total plasma catecholamines are el evated acutely to levels ranging between 977 and 2,530 pg/ml in awake sheep at a P aC02 of 58 mm Hg (Matalon et aI., 1983) . It has been known for some time that exposure to hypercapnia causes an in crease in the permeability of the blood-brain barrier to protein (Cutler and Barlow, 1966) . It is possible that the delayed, persisting increases in CMR02 and CMR g lc observed in the present study are due to leakage of circulating catecholamines across the blood-brain barrier. Indeed, the period of several hours required before the brain metabolic rate was elevated may reflect the time during which a blood brain barrier leak develops. (b) CMR02 and CMR g lc were elevated significantly by 6 h, when CBF had declined from its peak value and, presumably, when significant accumulation of HC03 -in the brain in terstitium had occurred (Severinghaus et aI., 1963) . The elevated aerobic metabolism may be a response to the cerebral acid-base readjustment. For exam ple, if the [CI-] decreases to maintain electroneu trality, neuronal excitability may be affected (Ka zemi and Johnson, 1986) . (c) The increased brain metabolism may be related in part to nitric oxide or related substances. Hypercapnic cerebral vasodila tion can be attenuated after administration of nitric oxide synthase blockers such as Nw-nitro-L arginine (Iadecola, 1992; Wang et aI., 1992) . We have shown that nitric oxide is important in sup porting cerebral aerobic metabolism in awake sheep J Cereb Blood Flow Metab. Vol. 15. No.1, 1995 (Iwamoto et aI., 1992a,b) . (d) The Hcta became de pressed by 48 h. Hemodilution elicits increases in CBF acutely (Hudak et aI., 1988) . Although the rel ative influence of continuing hemodilution on CBF and brain metabolism is uncertain, it is possible that hemodilution contributed to some or all of the hy percapnic CBF, O2 uptake, and glucose uptake re sponses.
Brain water content
We observed modest but significant elevations of brain tissue water content corrected for estimated increases in cerebral blood volume in the frontal and occipital lobes in hypercapnic sheep compared to a separate group of normocapnic sheep. In terms of our second experimental objective, much greater elevations of brain water are observed in sheep ex posed to arterial hypoxia for an equivalent length of time that display signs of acute mountain sickness (Yang et aI., 1993) . Since the hypoxic sheep evinced smaller elevations of CBF, it is likely that mecha nisms other than vasogenic factors are involved in high-altitude cerebral edema. The modest increases in brain water observed during hypercapnia may be due to increased blood-brain barrier permeability to protein (Cutler et al., 1966) , elevated brain [HC03 -] and Na +, and/or hemodilution.
Posthypercapnic responses
The posthypercapnic hypoventilation observed during the recovery period is likely a consequence of an elevated [HC03 -] in the brain interstitium (Kazemi and Johnson, 1986; Severinghaus et aI., 1963) . Although remaining elevated, total and rCBF in some regions were reduced relative to the con tinuing elevations of CMR02 and CMR g lc, while CBF/CMR02 returned to prehypercapnic levels. This dissociation probably reflects removal of a metabolically independent CO2 vasodilator stimu lus in the face of persisting augmented metabolic demands for flow and hemodilution. As the P aC02 was elevated by 5 mm Hg, there was reduced vas cular reactivity to PC02, probably due to the ele vated interstitial [HC03 -]. As with the responses during hypercapnia, the mechanism for the persis tence of elevated brain metabolism during recovery is not entirely clear. Since we were limited by the number of microsphere injections, it is unclear how long the elevations of flow and metabolism persist. We speculate that, if recovery mirrors the time of onset of the response, then at least 6 h may be re quired for the return of metabolic rates and perhaps CBF to normal.
Significance
The results of this study provide the first infor mation on the effects of sustained hypercapnia on cerebral metabolism, cerebral hemodynamics, and brain tissue water content. The data suggest that continuing moderate levels of CO2 retention in pa tients have the potential to elicit sustained eleva tions of both CMR02 and CMR g l c•
